Together with 11 European and US photovoltaic companies an extensive effort has been made to collect Life Cycle Inventory (LCI) data that represents the status of production technology for crystalline silicon modules for the year 2004. These data can be used to evaluate the environmental impacts of photovoltaic solar energy systems. The new data covers all processes from silicon feedstock production via wafer-and cell-to module manufacturing. All commercial wafer technologies are covered, i.e multi-and monocrystalline wafers as well as ribbon technologies. For monocrystalline silicon wafer production further improvement of the data quality is recommended.
INTRODUCTION
Reliable data on the environmental impact of PV module manufacturing have been rather scarce for the last 10-15 years. The only extensive data collection based on production data was published in [1] and was based on technology from the late 80's. Consequently, life cycle assessment [2] [3] [4] and external cost studies [5] were often based on the older data set that does not reflect the technological progress made over the past decade.
GOAL
Together with 11 European and US photovoltaic companies an extensive effort has been made to collect LCI data that represents the status of production technology for crystalline silicon modules. This module type was used in 94% of the 1256 MWp of the produced solar cells in 2004 [6] . The actual results in terms of environmental impact, based on the data in this paper, are published elsewhere [7] . This effort was conducted in the framework of the CrystalClear project; a large European Integrated Project focusing on crystalline silicon technology, co-funded by the European Commission and the participants.
SCOPE
The new data covers all processes from silicon feedstock production via wafer and cell to module manufacturing. All commercial wafer technologies are covered, i.e. multi-and monocrystalline wafers as well as ribbon technologies (see figure 1 ) All data were collected in the period September 2004-November 2005 and are representative for the technology status in 2004, although for mono-crystalline silicon wafer production further improvement of the data quality is recommended.
METHODS
The data collection took quite some time, because many companies had to make a special effort to collect the requested data. The life cycle inventory data are based on real measured data from production lines. Companies mostly consider material-and energy consumption data as confidential information. Because one of our aims was to prepare a publishable set of LCI data (i.e. data on material and energy inputs, as well as emissions per process step), we tried to get at least three data suppliers for each process step and process technology (e.g. multi-Si crystallization and wafering). In this way we could generate average LCI data without disclosing proprietary information. This goal was realized to a large extent, but some cells of the process/technology matrix are less well covered so that we had to make use of existing data from literature (see table 1 ). Also we needed to aggregate the process data into 4 main process steps: 1) silicon feedstock 2) crystallization and wafering 3) cell processing 4) module assembly. 
RESULTS
The collected LCI data are presented in tables I-VI for the respective process steps outlined in figure 1 . They are also available as Excel file on http://www.ecn.nl/library/reports/2006/c06002.html. For the production of high-purity polycrystalline silicon from metallurgical-grade silicon, we only considered processes that are specifically dedicated to production of silicon for PV applications. This material is sometimes called "solar-grade" silicon but the same name is also used for entirely new process routes. The processes we considered employ a modified version of the Siemens deposition reactor ("modified Siemens"), which results in a lower energy consumption than the conventional Siemens process. We did not include "scrap silicon" from electronic-grade silicon production because the market share of this material has decreased to a mere 5% in 2005 [11] . This also avoids the difficult issue of allocation on inventory data between "full-spec"and "off-spec" silicon (cf. [2, 10] ). We were able to obtain specific LCI data from one producer of polycrystalline silicon, which we aggregated with estimated data for another producer. The latter estimate was based on literature data for the standard Siemens process [2] together with an indication of achieved energy reductions for the modified-Siemens process as indicated by the manufacturer. The mix of electricity supply that we include in the presented data set is representative for the actual production locations of these two producers. It should be noted, however, that the specific choice of electricity supply sources for silicon production can have a considerable influence on the results of impacts analysis of the PV module. Therefore it is recommendable to perform a number of sensitivity analyses with different electricity supply mixes for this process. The LCI data are average numbers over old and new Siemens reactors. The newer reactors have substantially lower energy consumption than those of 10-15 years old. Furthermore, the new fluidized bed reactor (FBR) process, currently being developed, may cut the electricity consumption by upto 90%.
The separate processes of crystallization and wafer cutting had to be aggregated into one process data sheet for reasons of data availability and confidentiality. For this process step we did discern between the three main wafer technologies, namely multicrystalline, monocrystalline and ribbon technology.
Regarding crystallization and cutting of multi-crystalline silicon we had data sets from three different facilities. We observed significant differences between these sources with respect to energy consumption. This is probably due to the different ages of the production installations, where the more modern facilities have significantly lower energy consumption. For material consumption the differences were less important. Also for the ribbon growth process we had data sets from three facilities. Among the ribbon growing technologies, though, there is one process (RGS), which is still in pilot stage. For the purpose of data aggregation, we considered this as a commercial scale operation. Nonetheless, the aggregated process data for ribbons can be considered as representative for today's technologies. For monocrystalline silicon Czochralski crystal growing there is unfortunately quite some uncertainty in the data. We did use data for crystal growing as measured some five years ago [8] , combined with updates on subsequent process improvements leading to reduced energy consumption [9] . The older data we assumed to be representative for producers in EasternEurope and Russia, while the newer process data probably reflects present-day production conditions in Western-Europe/USA. A third source was data from literature [2] for "electronic" wafers, which data was reasonably consistent with the older process data from [8] . Because of the remaining uncertainties on direct and overhead energy consumption and on the yield figures, and in view of the relative importance of this process step, we would like to improve further on the data accuracy and representativity.
With regard to cell processing we did not distinguish between multi-, mono-and ribbon technology, because the observed differences were small (in terms of material or energy inputs).
Here we obtained data from 5 different sources. For module assembly, our LCI data are based on a module of 6x12 cells of 125 mm x 125 mm (total module size 1.25 m 2 ). The number of independent data sources for the process of module assembly was lower than for other processes but we do not expect that this increases the uncertainty much as this process is reasonably standardized. Moreover, because material consumption is the most important input in this process (not energy consumption), the quantity of which is largely determined by the module area and yield, there will not be much variation in LCI data between manufacturers.
CONCLUSIONS
A full set of Life Cycle Inventory data for the production of crystalline silicon solar cell modules has been collected and presented. The data set is representative of the production technology in 2004, mainly for manufacturers in Western Europe. For the first time an LCI data set is now publicly available, based on actual manufacturer's data for all relevant processes and which also covers silicon ribbon technologies. The largest remaining data uncertainty exists for the production of monocrystalline silicon crystals by means of the Czochralski process. For this we hope to be able to improve data quality in the future in close cooperation with industry. Also analysts should be aware of the large influence that the electricity supply mix for the solar grade silicon process will have on final impact results. Table II . Life Cycle Inventory data for the production of monocrystalline silicon wafers from polycrystalline silicon feedstock Name mono-crystalline silicon wafer from poly-Si
Time period 2004

Geography
North America + Europe, Western + Asia, former USSR
Technology
Mixed data
Representativeness Estimated data, partly based on data from one company (but with many unclarities) supplemented with literature sources and many own estimates.
Collection method
Data treatment
Averaging over 3 assumed production locations.
Comment
Includes both Czochralski crystal pulling and wafer cutting processes. Wafer thickness 300 um.
The process for internal recycling of silicon is NOT included in the process data, external recyling of sawing slurry is not accounted either.
The amount of poly-silicon includes virgin AND recycled silicon. 
Products
Representativeness
Average from 3 companies, total production 1.5E6 m2 wafer area.
Collection method
Data collection by factory representatives.
Data treatment Comment
Includes both the ingot growth and wafer cutting processes. Average wafer thickness 285 um.
Products
